Abstract This paper presents a study of the effect of the low temperature atmospheric helium dielectric barrier discharge (DBD) on the Streptococcus mutans biofilms formed on tooth surface. Pig jaws were also treated by plasma to detect if there is any harmful effect on the gingiva. The plasma was characterized by using optical emission spectroscopy. Experimental data indicated that the discharge is very effective in deactivating Streptococcus mutans biofilms. It can destroy them with an average decimal reduction time (D-time) of 19 s and about 98% of them were killed after a treatment time of 30 s. According to the survival curve kinetic an overall 32 s treatment time would be necessary to perform a complete sterilization. The experimental results presented in this study indicated that the helium dielectric barrier discharge, in plan-parallel electrode configuration, could be a very effective tool for deactivation of oral bacteria and might be a promising technique in various dental clinical applications.
Introduction
Nowadays tooth decay is one of the most common infectious diseases in human beings [1] . In the 19th century, dentists realized that the oral microbiota could be responsible for the development of caries [2] . The oral microbiota is a complex ecosystem, which contains more than 400 bacterium species, adhering to the tooth surface and forming a thick biofilm layer on it, called dental plaque. Streptococcus mutans is one of them and could be considered the major microorganism implicated in dental caries. This cariogenic, Gram-positive, facultatively anaerobic, acid-producing bacterium penetrates even into dental fissures where it is protected from the antimicrobial effect of saliva, and by metabolization of the carbohydrates acids are produced which will erode the enamel and dentine [3] . With properly supplied energy, a neutral gas can be converted to partially ionized medium called plasma [4] . Plasma contains free electrons, various ions, free radicals, and neutral atoms or molecules in a ground or an electronically excited state, capable of emitting UV, visible or IR radiation. The most commonly prevailing method of generating and sustaining plasma is applying an electric or electromagnetic field to a flowing gas stream by means of a complex device called a plasma reactor. Besides external field characteristics (voltage, frequency, waveform, etc.), the two most important working parameters are the gas pressure and the sustaining electrode geometry of the plasma reactor, all being very critical and decisive regarding the temperature and composition of the generated plasma, its reactivity and possible fields of application.
The new, emerging application field of gas discharges, plasma medicine [5∼9] , demands plasmas that are chemically and physically active but nondestructive to heat-sensitive materials, including medical devices, instruments, and biological matter (cells, tissues, living organisms) [10, 11] . When exposed to the direct or remote action of plasma, bacterial cells can be inactivated by one of four known factors or by their synergistic combination. These known factors are heat, UV radiation, electrically charged particles, and reactive neutral species. The individual or combined action of each factor depends on plasma generation and operation parameters [12, 13] . Plasma discharges, by means of their in-situ or remote action, can remedy the drawbacks of "classical" sterilization methods (autoclaving, γ-irradiation, ethylene oxide, UV radiation, etc.): longer action time, closed environment, harmfulness to any living organisms. Particularly, atmospheric pressure plasmas have significantly shortened sterilization time (below or around 1 minute), and due to the presence of ambient air, they can generate many reactive oxygen or nitrogen containing species. In the case of plasma discharges, physical sterilization processes are due to charged particles (positive or negative ions, electrons); meanwhile the chemical processes are done by the reactive species [14] . Tooth cleaning devices greatly reduce the amount of dental plaque, but cannot entirely remove it. The remaining bacteria can produce lactic acid and slowly caries will evolve. During dental treatment, caries are removed by dental burs, and are filled with dental material. Usually this is a painful treatment, and the created hole in dental tissue weakens the tooth. The current chemical agents used for the inactivation of oral cariogenic bacteria have also some undesirable side effects [15, 16] . For the elimination of these inconveniences, plasma treatment as an alternative method has been proposed [17] . Nowadays there are several research papers describing results regarding plasma treatment of tooth cavities for bacterial deactivation [16,18∼23] or tooth bleaching [24] . Perhaps one of the most widely used plasma is the dielectric barrier discharge (DBD). Typically it could be obtained in plan-parallel or coaxial geometry, with at least one electrode covered by a low-loss dielectric and a high breakdown strength material, using either pulsed or sinusoidal high voltage waveforms with frequencies in the range of 0.05∼500 kHz [25∼29] . One very important, possible biomedical application of DBDs could be related to the finding that conventional disinfection and sterilization methods are often ineffective in case of biofilms, which are ubiquitous microbial communities embedded in a matrix mostly composed of exopolysaccharides and present an increased resistance to unfavourable environmental conditions [16, 30, 31] . According to this observation, individual Streptococcus mutans cells are relatively easy to kill, but when they are organized in biofilms, the presence of extra cellular organic matrix protect them from the action of antibacterial treatment methods. The latest results about biofilm inactivation [32] demonstrated that plasma action can penetrate through biofilms (15 µm or 30 layers of bacteria in this case) and deactivate all bacteria without damaging the structure of most of the cells. Detailed study led to the general conclusion that the major role in deactivation was played by the neutral O and OH species.
In this paper, a cross-flow helium DBD was applied as a non-conventional dental care method and its antibacterial effect was studied for the purpose of applying it as inactivation agent against Streptococcus mutans cells.
Materials and methods

The atmospheric pressure helium dielectric barrier discharge
The plasma chamber consists of two horizontally positioned glass plates (0.8 mm in thickness) vertically distanced at 3.1 mm by two pairs of glass spacers. The plates and spacers have the same length (30 mm). The horizontal distance between the spacers is 10.3 mm. This parallelepiped-like open-ended box forms the plasma chamber. The electrodes (circular metallic plates, 16.5 mm in diameter) are placed on the glass plates, outside and centred on the plasma chamber [33] . The function and analysis of the driving circuit used in this study are presented extensively elsewhere [34, 35] . The plasma gas (high purity helium, 99.9995%, Linde Gas, Romania) was introduced through the back end of the reactor via pressure regulator and digital mass flow controller (volumetric flowrate 2 L/min, Aalborg Instruments & Controls, USA) and flowed across the chamber perpendicularly to the electric field, leaving at the open front end of the reactor.
In such an open-end configuration, the back diffusion of ambient air is expected [36, 37] . The plasma emission spectrum was monitored using two Ocean Optics HR 4000 spectrometers. Atomic and molecular emitting species identification and labelling were performed using the appropriate software [38] . The kinetic gas temperature was measured with a Pyrex-glass covered K-type thermocouple connected to a computer driven digital multimeter (MASTECH M345).
Microbial culture preparation and tooth treatment methodology
For the isolation of Streptococcus mutans cells, selective MSFA media [39] was used, which contained 10 g D-sorbitol, 10 g D-mannitol, 20 g yeast extract, 100 mg sodium azide, 5 mg basic fuchsin, 10 g CaCO 3 , 10 g agar, and 1000 mL distilled water. The pH value was adjusted to 7.0.
In our experiment 30 extracted human permanent teeth, formerly belonging to different people, were used. Slices of 2∼3 mm thick with a 25 mm 2 area were cut from each tooth and then disinfected in alcohol. The disinfected slices were placed in tubes containing liquid MSFA media, previously inoculated with Streptococcus mutans and were incubated on 37 o C for 72 hours, without shaking. During this incubation period the microorganisms were adhered to the teeth surfaces and a mature biofilm was formed [40] , the unwanted bacteria were removed by rinsing with sterile distilled water. After this, the tooth slices were exposed to plasma treatment for 5 s, 10 s, 15 s, 20 s, and 30 s, untreated slices served as control. Six experimental groups (one control and five treated), each of them containing five tooth slices, were formed for statistical analysis.
The treated bacterial cultures from the tooth slice surface were removed by washing with a tensioactive solution whereof successive ten-fold and hundred-fold dilutions were prepared so as to obtain a sufficient reduction in the number of colonies to be countable on MSFA media in Petri dishes. All the Petri dishes were incubated for 48 hours at 37 o C and evaluated for colony forming unit (CFU) formation by counting the developed colonies. Average and standard deviation were calculated for the 5 slices for every experimental group. Then CFUs were compared with a reference (control), which undergoes the whole procedure except for the treatment. Survival CFUs were represented as function of treatment time and, after a visual inspection, the slope kinetic was established. In order to deduce the killing rates (CFU reduction velocities) and the time necessary for a complete sterilization, each inactivation stage was linearly fitted and analysed. The decimal reduction time (D-time), the treatment time required to reduce the original concentration of microorganisms by 90%, was deduced for the initial and each dilution of bacterial cultures.
Statistical analysis and data processing
For experimental data evaluation, the R statistical analysis program was used [41] . The comparison of different treatment groups was performed by using the Kruskal-Wallis rank sum test and evaluating the significant differences (P < 0.01) within the groups.
Biofilm staining and confocal scanning laser microscopy analysis
The structural construction of not-treated and treated biofilms was studied using the fluorescence double-staining technique and confocal scanning laser microscopy (CLSM). The Streptococcus mutans biofilms were prepared following the methodology described above. After the incubation, 5 tooth slices were exposed to plasma treatment for 35 seconds and 5 slices were kept untreated and served as a control.
The biofilm covered slices were stained with fluorescein diacetate (FDA) and propidium iodide (PI) dyes. The FDA is taken up by the living cells and it is hydrolysed to fluorescein which emits a green fluorescent light. Propidium iodide is taken up only by the dead cells or by those that had their plasma membrane damaged, which are emitting red fluorescent light. By simultaneously studying the appropriate emission wavelengths it is possible to determine the cells' viability. Viable cells are green and dead cells are red [42] . The concentration of fluorescein diacetate (Sigma) stock solution was 5 mg/mL in acetone. The FDA working solution was freshly prepared by diluting the stock solution in 1:100 ratios in phosphate buffered saline (PBS) (pH=7.4) solution. 20 µg of propidium iodide (Sigma) was dissolved in 1 mL of PBS [43] . FDA (50 µg/mL) (which stains living cells) and PI (20 µg/mL) (which stains dead cells) were added simultaneously to the biofilm, which was then placed in the dark for 30 minutes at room temperature. Following the incubation the tooth slices, which contained the biofilm, were washed with PBS [43] . Stained tooth slices were examined with confocal laser scanning microscope (CLSM).
Samples were analyzed and images were collected using a Zeiss LSM 710 Confocal Laser Scanning unit (Oberkochen, Germany) equipped with Ar and HeNe lasers mounted on an Axio Observer Z1 Inverted Microscope. Specific visualization of the structures was performed using the 488 nm and 543 nm excitation laser lines to detect propidium iodide (emission filters 562 ∼680 nm) and fluorescein (emission filters 515∼539 nm), respectively. All images were recorded using a Plan Apochromat Zeiss objective (63×/1.4, oil DIC 27). The beam pathway splitter used was MBS 488/543. The image combining, processing, and analysis was performed using the standard ZEN software package offered by the Zeiss system manufacturer [44] .
Gingival treatment and engraving methodology
Plasma treatment experiments for gingival evaluation were carried out using 3∼ 4 mm thick slices of pig gingival having an area of about 25 mm 2 . Two untreated slices served as control and the others were treated with plasma for 35 seconds. The treated and the control gingival slices were placed in 10% formaldehyde so as to fix the cells. The fixative solution was removed by washing the slices with distilled water, and afterwards they were enclaved in paraffin.
5∼6 µm thick segments were cut using a Leica CM1510 S microtome. These slices were stained with hematoxylin-eosin. The anatomical structure differences were investigated and photographed using an optical microscope with 5× and 10× magnification sizes.
Results and discussions
Biofilm thickness is an important parameter in biofilm characterization. The 3D image of the biofilm was reconstructed using the ZEN 2011 software, the 3D image of the biofilm formed on the control tooth slices is presented in Fig. 1 .
As one can see, the biofilm is well formed and has a thickness of about 5∼7 µm. It was found that, due to the adaptation of the bacteria to the microenvironment of mouth the Streptococcus mutans bacteria were extended more horizontally than vertically. The horizontal extension reduces the possibility of detachment, or washing out from tooth enamel.
Using a double staining method we can observe the viable and non-viable bacteria cells. The green and red channels of the control 3D image were analyzed (Fig. 2) . On Fig. 2(b) one can observe the red color intensity, which represents the quantity of non-viable cells on the control tooth biofilm. The color intensity of non-viable cells was much lower than that of green coloured viable ones presented in Fig. 2(a) , therefore we can state that Streptococcus mutans biofilms contain, from the first, some dead bacteria cells, but their amount is lower than the quantity of viable cells. This was also confirmed later by cell counting. The results obtained by HOPE and WILSON (2003) [45] support our conclusion. Their study shows that detailed examination of optical sections often show that the outer layers of biofilm contain predominantly viable bacteria, and the internal regions contain non-viable bacteria cells. The antibacterial effect of plasma treatment as function of exposure time was reflected in quantitative differences of culturable bacterial cells. Our results clearly show that higher values of developed colonies were found only in the control case and the case of short-term plasma treatment groups (5 s), as depicted in Fig. 3 . Among all treated groups significant differences were detected (P < 0.01, df = 1), as a result of the pronounced antibacterial effect of the plasma treatment, which was manifested after a relatively short exposure time.
As one can see from Fig. 3 the inactivation process occurs with three different velocities and therefore the survivor curve shows triple-slope kinetics with a slower initial reduction in cell number (first 5 s of treatment), followed by a rapid decline in cell number (one order of magnitude higher, for the following 15 s of treatment). The last section of the survivor curve (more than 20 s of treatment) was characterized by a new moderate killing rate, having the same order of magnitude as that for the first 5 s.
The relatively slow killing rate at the beginning of the treatment is related to the plasma ignition, formation and stabilization, after the power was supplied to the reactor. In the first 5∼6 s the DBD exhibits a filamentary character with thin discharge channels randomly moving on the tooth slices surface, then transforms into a stable and homogeneous glow which will cover the entire slice surface for the rest of the exposure time. The rapid decline of CFUs in the next phase might be due to the killing of the cells in the upper parts of the biofilm formed on the tooth surface, which were first exposed to the harmful effect of reactive oxygen species and free radicals. The slower reduction in cell number observed in the last phase can be explained by the fact that it takes some time for the concentration of plasma-generated reactive oxygen species and free radicals in the deeper biofilm layers situated in tooth fissures and enamel roughness to increase and reach values high enough to permanently damage and kill the bacterial cells. The decimal reduction time values obtained for three various initial CFU concentrations are summarized in Table 1 , together with the time necessary to destroy all microorganisms (time of complete sterilization) and the killing rates for each section of the survival curves. 538 Applying the CLSM technique to the DBD treated tooth slices, high levels of dead bacteria were observed on the biofilms (Fig. 4) . Unlike in the case of the control biofilm (Fig. 1) , in this case one can not separate the viable and non-viable cells. The bacterial cells are lysed, the plasma entered in the deepest biofilm layers, too. Commonly, the deepest layer has a red color. Similar results were obtained by XIONG et al. (2011) [32] . They have demonstrated that plasma action can penetrate through 15 µm thick biofilm. Based on the 3D image presented in Fig. 4 , the red and green channel analyses were made. The results are presented in Fig. 5 .
The small green colored islands in Fig. 5 (a) demonstrates that only a few viable cells are presented on the biofilm, the majority of them being destroyed (the large red island on Fig. 5(b) ).
In order to estimate if heat plays any role in the case of our plasma, the kinetic gas temperature was measured as described above and found to be about 320 ±2 K (47±2 o C). Heat can inactivate Streptococcus mutans at temperatures above 60 o C [46] ; therefore no substantial thermal effect on exposed cells should be expected.
The effect of 30 s treatment time on the gingiva was tested by exposing a pig jaw, prepared as described above. The results, as compared to the control case, are presented in Fig. 6(a) and (b) . As one can observe on the optical microscopy image, the plasma action has not caused any unwanted effect on the treated pig gingiva (Fig. 6(b) ) in comparison to the control case ( Fig. 6(a) ). In order to establish if the plasma treatment could be used safely inside the mouth for bacterial deactivation of a tooth surface, further detailed structural and biochemical investigations are needed. Fig. 7 illustrates the emission spectra of the atmospheric pressure 580 kHz He DBD (He flow-rate 2 L/min, power density 2 W/cm 3 ) along with line and band assignments. Fig.7 He dielectric barrier discharge emission spectra: (a) 290∼410 nm region, (b) 420∼100 nm region As was expected, in the UV region, the emission spectrum is dominated by the nitrogen species emission, meanwhile the VIS region by He and O atomic emissions, originating from the plasma gas and moisture of back diffused air, respectively. In the germicidal range (220∼280 nm) the plasma spectrum contains no emission, thus it is expected that UV radiation will not play a significant role in the sterilization process performed in our experiment.
Meanwhile, the presence in the emission spectrum of both hydroxyl radical OH (306∼312 nm) and oxygen atoms (777 nm, 844 nm, 926 nm) could be one of the reasons accounting for the current inactivation efficacy of our discharge. Generally OH is generated by the direct dissociation of water molecules (moisture of the back diffused ambient air) by electron impact or by the collision of water molecules with He metastables presented in He DBD. OH is known to be harmful to unsaturated fatty acids from the microorganisms cell membranes. The collision of the oxygen molecules from the back diffused air with electrons or helium metastables will ensure the presence of the oxygen atoms in the discharge. It has a very high chemical rate constant for oxidation reactions at room temperature, and a small atomic radius. This latter characteristic allows atomic oxygen to diffuse rapidly through biofilms or other membranes and to travel through small crevices to reach contaminants or microorganisms [47] . Oxygen atoms can cause oxidation of DNA, amino acids, and proteins. Oxidative stress has been shown to affect the ability of lipids to rotate within the membrane, so it becomes more fluidic, losing its structural integrity. Changes in the integrity of the membrane can directly cause the release of essential constituents and the dissociation of DNA, cleaving it into small fragments. All these processes, termed as etching mechanisms, compromise the viability of living bacterial cells, which cannot repair these surface lesions quickly enough [48, 49] . In the case of our DBD, the typical electron number density is of the order of magnitude of 10 9 ∼10
11 cm −3 [35, 50] . According to the latest results [32] , since tooth slices were placed inside the DBD reactor and the generated discharge covered the enamel, charged particles (both ions and electrons) that might interact with the treated surface will not play a significant role in bacterial inactivation.
Conclusion
The experimental results obtained in this study demonstrate that the non-thermal atmospheric pressure He DBD is very effective in deactivating Streptococcus mutans biofilms and might be a promising technique in various dental clinical applications. The structural construction of the biofilms was studied using the confocal CLSM technique. It was found that a more horizontally extended 5∼7 µm thick biofilm was formed. The DBD treatment can destroy Streptococcus mutans with an average D-value of 19 s and about 98% of them were killed after a treatment time of 30 s. According to the survival curve kinetic an overall 85 s treatment time would be necessary to perform a complete sterilization. These results were confirmed by using the CLSM technique, too. Due to the discharge formation and elementary processes occurring in it, the sterilization kinetic is a three-phasic curve with a faster inactivation in the middle stage.
The gingival engraving studies led to the general conclusion that the plasma treatment has not caused any morphological modifications of the treated gingiva.
Based on atomic and molecular emission spectrum analysis and temperature measurements one can conclude that, for our discharge configuration and conditions, heat, UV radiation and charged particles does not play significant roles in the bacterial cell inactivation, and the sterilization is ensured by the reactive oxygen
